The cultivation of bioenergy crops could be considered as sustainable; however, its use in fertile lands could conflict with food production. The general purpose of this study is to identify areas where traditional food crops are not economically sustainable, but where they could be substituted by energy crops without changing the land use in Spain. We studied the profit margin of the main crops of the country, which are wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.), the spatial location of the growing areas, and the biophysical constraints. Spain has an extended area of 9.93 million hectares, with biophysical and/or economic constraints in rainfed arable areas. Grain yields ≤1.5 Mg ha −1 are not profitable; low organic matter content is the principal biophysical constraint. The average results showed a potential of 83.33 GJ ha −1 using triticale (x Triticosecale) and 174.85 GJ ha −1 using cardoon (Cynara cardunculus L.) in arable marginal lands. The production of biomass in this area would serve to cover between 3%-5% of primary energy needs in Spain for triticale or cardoon. In this respect, establishing energy crops in marginal lands could be an instrument to enhance rural development, boost the bio-economy, and reach environmental targets.
Introduction
Agriculture currently faces multiple challenges. On one hand, more food and fiber need to be produced to feed a growing population [1] , and, on the other, more feedstock is needed for potentially huge bioenergy and bio-based products markets. Considering that the biomass available residues pose limited energy potential, crops specifically grown for lignocellulosic biomass production could provide a secure, sustainable, and autochthonous feedstock for a future de-carbonized heat and electricity production [2, 3] . Therefore, in addition to adapting to climate change, the agricultural sector has to adopt more efficient and sustainable production methods to cover the increased and more diversified future demands [1] . However, the cultivation of bioenergy crops on utilized arable lands increasingly creates a conflict with food production and poses important issues on the sustainability of this option [4] [5] [6] .
In that context, the concept of marginal land has obtained more scientific and policy interest, being considered as a potential alternative for producing bioenergy and other non-food products from biomass [4, 6] , while overcoming the environmental and social challenges associated with the new production.
The concept of marginal land has been very widely discussed by many researchers, although a common view has not been reached yet. The term "marginal land" may be ambiguous. Typically, poor quality land has been associated with marginal land, but even productive land in Southern Spain, for example, could be categorized as relatively marginal compared to the Paris basin [7] . One of the first definitions was proposed by Ricardo (1817) [8] and by Hollander (1895) [9] , who defined marginal lands as the poorest lands that are used above the margin of rent-paying land. According to different authors [10] [11] [12] , marginal lands are areas where the cost-effective production of food is not possible under given site conditions, cultivation techniques, agricultural policies, and the macro-economic and legal conditions. In such cases, revenue is just equal to the cost of production [13] . Currently, the low economic return from agricultural activity is very often associated with the low crop production and the biophysical constraints affecting the lands. Therefore, marginal farm land is generally characterized by low food and feed crop productivity, due to soil and environmental limitations [6, 14, 15] .
From a physical and productive perspective, marginality is based on the levels of soil suitability and restrictions, which soil scientists and agronomists rely on for land use planning. It refers to land of poor quality that is susceptible to erosion or other degradative factors [16] .
Studies on marginal land have been reported in the literature, but these lands are difficult to identify, as land definition and identification should ensure that both the biophysical constraints and the absence of other uses are covered [4, 17] . In Europe, the project Marginal Lands for Growing Industrial Crops (Magic) [18] and Sustainable Exploitation of Biomass for Bioenergy from Marginal Lands Project (Seemla) [4] , have both assessed and quantified the area of marginal land in Europe with special attention to the biophysical constraints of the agricultural and forest land (i.e., grassland, arable land, permanent crop land), using Geographical Information Systems (GIS) tools and without considering the socio-economic consequences. Moreover, GIS tools have been used in Spain to detect land with only one biophysical constraint [19] , but there is no record of the general determination of the arable marginal farm land for the whole country. This paper identifies marginal land in Spain from an economic perspective but also identifying and correlating seven biophysical constraints in those areas where the productions of the traditional crops are not profitable in a country scale, thus providing an extra step in the methodology to identify marginal lands.
In Spain, traditional agriculture, especially the farming of herbaceous crops under rainfed conditions, often provides low economic returns. This situation has worsened since 2010, when the prices for the main inputs used in growing traditional rainfed winter cereals has increased yearly, climbing to over 50 € ha −1 between 2010 and 2016. Costs increments of fertilizers, seed, and herbicides have increased by 26%, 31%, and 22%, respectively, over this period. This data showed a reduction of around 35% in the profit margins of rainfed crop production [20] . Consequently, from 1986 to 2016, the number of Spanish farms has declined by around 60%, from 2,284,900 in 1989 to 945,024 in 2016. More than 2 million hectares have been abandoned for agricultural purposes during that period [21, 22] .
Spanish agriculture has around 17 million hectares (ha) of crop land, 10 million ha of which are rainfed herbaceous crops and fallow land [23] . Part of the crop land is at a higher risk of abandonment and it is imperative to understand the reasons for this marginality and find sustainable alternatives to correct the situation.
In the described context the general objective of this study was to the define areas where traditional food crops are not economically sustainable and could be substituted by energy crops without changing the land use.
The specific purposes of the study were the identification and map marginal rainfed arable lands in Spain, based on the profitability of the principal winter cereals cultivated, and determine the existing biophysical constraints. Additionally, other lands with similar biophysical constraints of marginality are also identified. 
Materials and Methods

Study Area
The study analyzed arable land under rainfed conditions that is dedicated to herbaceous crop production in Spain, excluding the North African Spanish autonomous cities of Ceuta and Melilla. The study area has an extension of about 10 million hectares over divided into 8122 municipalities.
To determine what can be considered marginal agricultural land in Spain, we studied the profit margin of Spain's principal crops (wheat and barley), considering the surface sown in the whole territory under rainfed conditions. Wheat and barley represent 80% of the total herbaceous crop surface sown under rainfed conditions [24] . The net margins of these crops can help determine the areas with economic constraints, where farmers cannot recover the cultivation costs. These areas have sustainability problems and are the ones farmers tend to abandon first [10] .
Once the threshold to cover the cultivation cost has been determined, the spatial location of the areas is carried out using a database from the Spanish Ministry of Agriculture. This database is composed of the annual average production of winter cereals in Spain (wheat and barley among other crops), for each municipality over the last 39 years (1979-2018) . This information is updated each year [25] .
After observing the Spanish municipalities that could be considered as marginal land, where the production value hardly covered the cultivation costs of wheat and barley under rainfed conditions, the next step was to map and analyze the biophysical constraints in these selected areas. This also included identifying if these biophysical constraints affected other areas where the average production for each municipality was higher than the threshold and only a part of the municipality could be considered as marginal. This enabled a more precise determination of the areas with biophysical constraints within the Spanish rainfed agricultural system.
Economic Study
The methodology used to determine the profit margin of the two reference crops was based on the minimum production per hectare that farmers need to recover production costs. The crops inputs were calculated and included the machinery (investment, depreciation, maintenance costs, and fuel) (Table 1) , labor costs, seeds, phytosanitary products, and fertilizers ( Table 2 ). The output produced by a farm was the grain yield. The commodity costs, machinery costs, and output prices over the last six years were provided by the Spanish Ministry of Agriculture [26, 27] . Machinery costs were based on traditional tillage management, which is common in Spain, using a 112 KW tractor and suitable agricultural equipment. With respect to the agricultural works, we considered the hourly rate for each agricultural activity (i.e., tillage, cultivation, base fertilization, sowing, herbicide treatment, top dressing, rolling and harvesting), a fuel price of 0.89 € l −1 [27] , as well as a labor cost of 10 € h −1 [27] . Table 1 shows the costs of each agricultural activity taking the labor into account. Basal fertilization was calculated using the commercial fertilizer complex NPK 8-24-8 for wheat and 8-15-15 for barley, as well as top dressing with high N complex calcium ammonium nitrate (27%). Also included was the expected harvest to calculate the restitutions [28] . Seeding was established at 0.19 Mg ha −1 for wheat and 0.18 Mg ha −1 for barley [29] . The herbicide treatment was calculated for killing broadleaf and gramineous weeds.
Common agricultural policy (CAP) direct aids, land rent, and opportunity costs were not considered for different reasons. The CAP direct payments and land rent as income and cost are very important, but they have high variability within Spanish agricultural farms and it is not possible to compare the averages due to the lack of reliable data. Opportunity cost is a comparative term, and it is not a real cost incurred by cultivation.
Biophysical Constraints
Seven biophysical constraint factors were considered in the areas where the production value did not cover the production costs: Type, depth, stoniness, organic matter content (OM), pH and salinity of the soil, and the annual precipitation.
Soil classification was based on the four main types of soil found in Spain according to the USDA soil Taxonomy: Inceptisol, Alfisol, Entisol, and Aridisol. Inceptisol and Alfisol are soils that do not require irrigation to achieve competitive yields. They have suitable water and nutrient retention, as opposed to the other two categories Entisol and Aridisol, which are not suitable for rainfed agriculture. Aridisol is representative of arid regions where the evapotranspiration of crops under standard conditions (ETc) is greater than the perspiration throughout most of the year. Hence, the humidity regime is usually arid. Entisol is a soil with very low profile development and almost no differences between horizons [30] .
Soil depth was observed from the top soil to the rock bed. The vertical distribution of the rock systems has a very significant impact on yield [31] . This implies that grater uniformity in the distribution of deep roots could improve the economic returns of the crops. Winter cereals make up 90%-100% of the root system in the first 100 cm of the soil. Stoniness is an important factor for crops, because of its association with farm equipment problems, its relation to root expansion in the soil, and water retention. Soil is characterized as "stony" when the stone concentration volume is higher than 15% of the soil fraction [32] .
Organic matter content is related to soil fertility. The desirable level of organic matter in agricultural soils is at least around 2%, although it is possible to grow winter cereals with OM content higher than 1% [33] . Consequently, lands with less than 1% OM content were selected as marginal lands.
Soil pH is a relevant parameter in plant productivity, because the availability of essential nutrient for plants depends on this value. If the pH of the soil is not suitable, the harvest can be reduced to the point of affecting crop growth. Most plants need a soil pH between 5.5 and 7.5 for optimum nutrient absorption. For example, the ideal pH for winter cereals is 6.5 [34] , although the cereals can be grown with a pH of 8 [35] . A pH lower than 6 could affect magnesium or nitrogen, and a pH higher than 7 could affect manganese availability [36] .
Salinity was also observed. When the winter cereals were sown on flat surfaces, the limit of salinity resistance for wheat and barley was 4 dS m −1 . Values of soil salinity above 4 dS m −1 tend to affect plant productivity, although they can resist a salinity content of 6 dS m −1 [37] .
With regard to climate, winter cereals need at least 400 mm of precipitation in Spain to complete the growth cycle [38] . Thus, the fact that the annual rainfall is less than 400 mm poses a problem.
Map Sources and Data Management
The study used the Environmental Research Institute (ESRI. Inc.) and ArcMAP TM Spatial Analyst. ArcGIS version 10.5 was the GIS software used for organizing, aggregating, and depicting the cartographic data.
Soil characteristic maps were provided as a system for automated soil mapping based on a global compilation of soil profile data and publicly available remote sensing data called SoilGrids. The datasets for establishing the precipitation constraints were the average accumulated annual rainfall for 30 years, from 1975 to 2005 [39] .
Bioenergy Potential
The bioenergy potential was estimated using the BIORAISE CE application [40] . BIORAISE CE is a tool that provides information at the municipal level in Spain regarding different crops for biomass production. The method is based on the use of a national mapping of land uses (Land Occupation Information System in Spain, SIOSE) [41] and crop production model for the different species considered. Within this base layer (SIOSE), rainfed and irrigated areas can be differentiated and on it, defined according to criteria defined for each crop, the so-called Homogeneous Agronomic Areas (AAH), which are geographical areas with the same productivity each crop. Once the AAH are ready, the surface distribution maps of potential energy crops are obtained. The yield was calculated for each energy crop in each AAH, based on the experimental information available for the energy crops.
Cardoon (Cynara cardunculus L.) and triticale (x Triticosecale) were chosen to its adaptability to rainfed condition. Cardoon is a perennial crop that is harvested annually with a low calorific value (LCV) of 16.7 GJ t −1 dry matter (dm), and triticale is an annual crop with a LCV 16.8 GJ t −1 dm [40] .
Triticale yields were estimated as the whole biomass production harvested at the grain medium milk stage (Z75 stage in Zadoks scale) [42] and cardoon yields were estimated at the end of the crop cycle [43] .
Results
Economic Threshold
The principal input and output values calculated according to Section 2.2 are shown in Table 2 . Based on the production costs and the output prices over the period studied (Table 2) , we found that annual productivity of ≤1.5 Mg ha −1 of wheat and barley was insufficient to cover the cultivation costs (Table 3) . For both crops, about 50% of production costs were related to machinery, fuel and labor, whilst the other 50% was related to commodities in the following proportions: 30% fertilizers, 10% seeds, and 10% herbicides.
Identification of Marginal Areas and Biophysical Constraints
The combined area of wheat and barley with an average yield of 1.5 Mg ha −1 or less was predominant in rainfed conditions agricultural area of 1678 Spanish municipalities and covered 1,960,316 ha of arable land, which is almost 20% of the national total rainfed area 11.5% of the total cropland area, and 4% of the total surface of Spain.
The total surface area affected by at least one of the biophysical constraints was 1,920,940 ha. Table 4 shows the number of hectares affected by each biophysical constraint. Moreover, in Spain, 7,971,373 ha have been identified as having at least one biophysical constraint that was similar to the constraints studied for areas with yields ≤1.5 Mg ha −1 under rainfed conditions (Table 5 ). However, in these areas, the average productivity of wheat and barley for the municipalities was higher than 1.5 Mg ha −1 , which was probably preventing/delaying the abandonment of that surface.
Comparing the different biophysical constraints (Table 6 ), a high relationship among the different constraints can be observed. Soils with constraints such as, stoniness, low depth, type of soil, low annual rainfall and saline soils present OM constraints in over 57% of their surface. 
Spatial Location
Arable lands under rainfed conditions with wheat and barley productivity ≤1.5 Mg ha −1 are shown in Figure 1 . The Southern and Western parts, in addition to the Canary and Balearic Islands are the principal areas of Spain where low production rates are most common. Comparing the different biophysical constraints (Table 6 ), a high relationship among the different constraints can be observed. Soils with constraints such as, stoniness, low depth, type of soil, low annual rainfall and saline soils present OM constraints in over 57% of their surface. 
Arable lands under rainfed conditions with wheat and barley productivity ≤1.5 Mg ha −1 are shown in Figure 1 . The Southern and Western parts, in addition to the Canary and Balearic Islands are the principal areas of Spain where low production rates are most common. Moreover, Figures 2-8 show the spatial distribution of the different biophysical constraints that were studied across all the rainfed arable land in Spain, which also affected the areas with low yield. Specifically, areas whose depth is lower than 100 cm ( Figure 2) ; areas where the OM content is lower than 1%; ( Figure 3) ; areas with pH below 6 and higher than 8 ( Figure 4) ; areas whose volume of stones is higher than 15% ( Figure 5) ; areas where the type of soil is Entisol or Aridisol, according to TAXOUSDA classification ( Figure 6) ; areas with the salt content higher than 4 dS m −1 (Figure 7) and finally, areas whose historic annual rainfall is lower than 400 mm (Figure 8) .
Overlapping all the figures, Figure 9 shows the total area with the constraints in the study. Moreover, Figures 2-8 show the spatial distribution of the different biophysical constraints that were studied across all the rainfed arable land in Spain, which also affected the areas with low yield. Specifically, areas whose depth is lower than 100 cm ( Figure 2) ; areas where the OM content is lower than 1%; ( Figure 3) ; areas with pH below 6 and higher than 8 ( Figure 4) ; areas whose volume of stones is higher than 15% ( Figure 5) ; areas where the type of soil is Entisol or Aridisol, according to TAXOUSDA classification ( Figure 6) ; areas with the salt content higher than 4 dS m −1 (Figure 7) and finally, areas whose historic annual rainfall is lower than 400 mm (Figure 8) . 
Bioenergy Potential
Triticale and cardoon were selected among the crops contained in BIORAISE CE to determine the biomass potential in the identified marginal area due to its adaptability to those areas. According to calculations of BIORAISE-CE, potential productivity of triticale biomass was 4.96 ± 1.24 Mg dm ha −1 over 1,838,978 ha (96% of the marginal study area), whilst 1,571,827 ha (82% of the area) was suitable for cardoon with an average yield of 10.47 ± 2.77 Mg dm ha −1 ·yr −1 . Therefore, biomass production potentials were determined, 83.33 GJ ha −1 for triticale and 174.85 GJ ha −1 for cardoon. Overlapping all the figures, Figure 9 shows the total area with the constraints in the study. 
Triticale and cardoon were selected among the crops contained in BIORAISE CE to determine the biomass potential in the identified marginal area due to its adaptability to those areas. According to calculations of BIORAISE-CE, potential productivity of triticale biomass was 4.96 ± 1.24 Mg dm ha −1 over 1,838,978 ha (96% of the marginal study area), whilst 1,571,827 ha (82% of the area) was suitable for cardoon with an average yield of 10.47 ± 2.77 Mg dm ha −1 ·yr −1 . Therefore, biomass production potentials were determined, 83.33 GJ ha −1 for triticale and 174.85 GJ ha −1 for cardoon.
Discussion
Marginal land studies defined marginal agricultural lands as land that not worth cultivating with agro-food crops because the number of economic and biophysical constraints such as extreme climate conditions, soil and terrain handicaps, long distance to the markets among others [44] . According to our study findings, in Spain, there are 9,931,689 ha of arable land under rainfed conditions that have some biophysical and/or economic constraints. The above area is divided into 1,960,316 ha of the present arable marginal land and 7,971,373 ha with at least one biophysical constraint, which could be potential marginal land in the future, depending on whether the land continues to be managed in the same way. Low OM content is the biophysical constraint with the highest overlapping, with the rest of the biophysical constraints ranging between 36% and 89%. Stoniness is another biophysical constraint with a high level of overlap, principally with soil depth parameter which has an overlapping of 78%.
The profit margin of the crops increases when yields increase. The economic results obtained in this study were similar to other studies carried out in the Ebro valley (Spain) for wheat and barley 
The profit margin of the crops increases when yields increase. The economic results obtained in this study were similar to other studies carried out in the Ebro valley (Spain) for wheat and barley under rainfed conditions, which reported inputs of 320 € ha −1 for yields between 2 and 2.5 Mg ha −1 for barley and 389 € ha −1 for winter wheat with grain productivity over 3.0 Mg ha −1 [45] .
Out of the 1,960,316 ha characterized as marginal agricultural land in the municipalities, there were only 39,376 ha (2%) which were outside of the thresholds of the biophysical criteria proposed. The area assessed as having economic restrictions represented around 20% of the Spanish rainfed arable area, 11.5% of the total cropland area, and 4% of the total surface. In Europe, approximately 257 Mha has been identified as marginal including grassland, and the available area for biomass production has been approximately 58.2 Mha [4] , in this respect Spain represents 3.4% of the total surface available in Europe under marginal conditions for growing energy crops.
In relation to the biomass production in arable marginal land, the results obtained using the BIORAISE CE for cardoon were within the range of 3.4-25.2 Mg dm ha −1 , which were similar to the results obtained in another ten-year study in Spain [46] . This high variability in yield is due to the fact that cardoon depends heavily on precipitation and deep soil. With 529 mm of annual precipitation yield was 23.1 Mg dm ha −1 and 6.5 Mg dm ha −1 with 280 mm of annual precipitation [43] . Large scale cultivation of the cardoon in southern Europe, Portugal, with 77.4 ha, biomass average yield was estimated at 7.5 Mg dm ha −1 with 556 mm annual precipitation [47] . Furthermore, cardoon was included in the European project Optimization of Perennial Grasses for Biomass Production in the Mediterranean Area (OPTIMA) due to its higher yield and adaptability to the Mediterranean marginal areas [48] , with the aim to establish new strategies for the sustainable use of the marginal land in Mediterranean areas. These facts exhibit its suitability for the inclusion in energy-cropping systems on marginal lands [49] . Triticale yields were similar to other results obtained in seven locations in Spain with four different cultivars, which were between 2.7 and 8 Mg dm ha −1 [50] . Moreover, in the Singular and Strategic Project "On Cultivos", a series of trials were carried out with triticale over a period of 3 years in different provinces in eight autonomous communities in Spain, producing yields of whole biomass between 1.6 to 12.4 Mg dm ha −1 [51] . Field trials carried out in two locations for two years in Northern Spain, with three different varieties, showed yields between 4.60 and 7.84 Mg dm ha −1 for the province of Soria, and between 6.20 and 10.25 Mg dm ha −1 in the province of León [52] . In many cases these crops are adapted to poor soils, having adequate production in arable marginal land [6] .
Perennial lignocellulosic crops are less flexible than the annual crops in terms of propagation, processing, and utilization, but they can provide profitable alternatives to food crops [53] . Moreover, soil erosion and polluted lands can be reduced by the substitutions of conventional crops grown on marginal lands for bioenergy purpose with low-input perennial grasses [54] .
The total primary energy consumption in Spain was 123,868 ktep in 2015 [55] ; hence, according to the results of this study, the production of biomass in this area would cover 3%-5% of Spain's needs for primary energy. Energy production would increase if the biomass is mixed with digestate or other animal manures or permanent grassland, meadows and residual grass for biogas purpose [2, [56] [57] [58] [59] .
Marginal lands and lands with biophysical constraints have the potential to grow energy crops, but it would be necessary to conduct an in-depth study to analyze yields and economic viability. In the last several years, perennial grasses such as tall wheatgrass (Thinopyrum ponticum Podp.) [60] have shown a higher potential for soil carbon sequestration compared to annual crops, as a result of the continuous ground coverage, reduced soil disturbance, and enhanced root biomass production [61] . Furthermore, perennial grasses have reported higher yields in areas with biophysical constraints than winter wheat [62] . Owing to the climate and soil conditions, the range of species that may be suitable for such conditions is not broad; hence, more research regarding these issues is necessary. Moreover, perennial grasses are habitats for many species of flora and fauna as permanent grassland and meadows [56] . The successful implementation of energy crops as an integral part of traditional production systems is a difficult task that requires an accurate agronomic evaluation in terms of environmental adaptability, productivity, logistics, restricting factors, and synergies with crop rotation schemes; where crop production and input requirements are the most important issues in determining the suitability of different crops [53] .
In this respect, establishing energy crops in marginal lands could be used as an instrument to avoid the abandonment of rural areas and to reach multiple EU policy targets, such as enhancing rural development, boosting the bio-economy, and reaching the greenhouse gases (GHG) mitigation targets.
Conclusions
The economic balance of wheat and barley under rainfed conditions indicates that yields ≤1.5 Mg ha −1 makes cultivating the land unprofitable for farmers using traditional management, which means these areas are considered marginal lands. The study of these areas shows clearly that these economic constraints are linked to biophysical constraints. The overlapping of biophysical constraints could make certain areas too sensitive for sustainable use by farmers. Low OM content is the most frequent biophysical constraint of those considered in the study.
The evolution of the mentioned land will depend on whether it continues to be managed in the same way. Changes in the preparation of the seed bed and changes in the crops sown in those areas could improve them. In this context, it is important that the selection of the adequate specie for each area by farmers does not associate the crop yields with the crop suitability for other purposes.
The bioenergy crop yield is also lower in marginal lands, therefore it should be necessary to assess the positive impacts that this activity has in the environment and in the rural areas. Avoiding the abandonment of these marginal areas by planting energy crops helps to achieve some of the objectives of the CAP for the period 2021-2027, using low-input agriculture, trough energy crops that can enhance the environment (enhance carbon soil restoration and avoid soil erosion) and also increase opportunities in rural areas. Moreover, the generation of energy using crops from those lands would not be in conflict with food production.
Additionally, the use of marginal lands may contribute to the EU policy objective to reduce CO 2 emissions by 40% in 2030 and, in particular, to achieve the contribution of 32% with renewable sources to the total energy consumption in that year contained in the new Directive of Renewable Energies 2021-2030 that promotes the use of renewable energy sources.
The methodology developed in this work can be a step forward in the identification of marginal lands, and the identification of the constraint factors that make these areas marginal. It could be replicated in other EU countries with the same problems, principally in the Mediterranean basin.
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